In this paper, we study the influence of heat transfer on the peristaltic transport of an incompressible magnetohydrodynamic second grade fluid in vertical symmetric and asymmetric channels. The channel asymmetry is produced by choosing the peristaltic wave train on the walls to have different amplitudes and phase. The flow is investigated in the wave frame of reference moving with velocity of the wave. Perturbation solutions are obtained for the stream function, temperature and pressure gradient under long wave length assumption. Pressure difference and frictional force are discussed through numerical integration. The influence of various parameters of interest on the flow are discussed and also the graphical results are obtained for different wave forms.
INTRODUCTION
Peristalsis is an important mechanism generated by the propagation of waves along the walls of a channel or tube. In the recent times, peristalsis has attracted much attention due to its important engineering and medical applications. It occurs like, chyme movement in the gastrointestinal tract, urine transport from kidneys to bladder through ureter, transport of spermatozoa in the ductus afferents of the male reproductive tracts, movement of ovum in the female fallopian tube, transport of bile in the bile duct, transport of cilia, circulation of blood in small blood vessels and many other glandular ducts in a living body. Recently, peristaltic flows in asymmetric channel have gained the attention of researchers working in this field. This is because the physiologists observed that the intrauterine fluid flow caused by myometrial contractions may occur in both symmetric and asymmetric directions (Nadeem and Akbar 2011) . Some important studies describing the peristaltic flows in asymmetric channel are made in the references (Mishra and Rao 2003; Ali and Hayat 2008; Noreen et al. 2012; Rani and Sarojamma 2004) .
Due to the extensive applications in bio engineering and medical sciences, in recent years, bio magnetic fluid dynamics is emerging as an interesting area of research. Few such applications include the development of magnetic devices for cell separation, cancer tumor treatment, reduction of bleeding during surgeries and development of magnetic tracers (Rathish and Naidu 1995; ). Significant studies concerning the magnetohydrodynamic peristaltic transport have been made in Kothandapani and Srinivas 2008; Nadeem and Akbar 2010; Nadeem and Akram 2010; Nadeem and Akram 2011; Wang et al. 2009 ). Further more, flow through porous medium has attracted the attention of several researchers due to its practical applications in bio fluid dynamics. The porous medium is involved in the human lung, bile duct, gall bladder with stones and in small blood vessels (Afifi and Gad 2001) . In view of this, several investigators (Elmaboud and Mekheimer 2011; Nadeem and Akram 2011; Shehawey and Husseny 2002; Vajravelu et al. 2012; Tripathi and Anwar 2012) have studied peristaltic flow problems through porous medium. The study of heat transfer on the peristaltic flow problems is also most important in many engineering as well as physiological applications. This mechanism may occur in obtaining information about properties of tissues, hypothermia treatment, sanitary fluid transport, blood pump in heart-lung machines and transport of corrosive fluids (Nadeem and Akram 2011) . Some more works on this topic can be seen in (Nadeem and Akbar 2009; Hayat et al. 2011; Vajravelu et al. 2011; Srinivas and Kothandapani 2008; Hayat et al 2014; Mehmood et al. 2012; Saleem and Haider 2014; Tripathi and Anwar 2014) .
Motivated from the previous studies, the aim of the present paper is to discuss the influence of heat transfer on peristaltic flow of a second grade fluid through a porous medium in two-dimensional vertical symmetric and asymmetric channels. The fluid is electrically conducted in the presence of a magnetic field. The governing equations of second grade fluid have been modeled in cartesian coordinates.
MATHEMATICAL FORMULATION
Consider the peristaltic flow of an incompressible, electrically conducting second grade fluid in two dimensional vertical asymmetric channel through porous medium (see Figure 1) . Asymmetry in the flow is due to the propagation of peristaltic waves of different amplitudes and phase on the channel walls. The heat transfer in the channel is taken into account. The left wall of the channel is maintained at temperature T 0 , while the right wall has temperature T 1 . We assume that the fluid is subject to a constant transverse magnetic field B 0 . The magnetic Reynolds number is assumed to be small and hence the induced magnetic field can be neglected. In the laboratory frame, we select cartesian coordinate system in such a way thatX-axis lies along the center line of the channel andȲ -axis normal to it. We assume that, an infinite wave train is travelling with velocity c along the walls. The geometry of the wall surface is defined as
In the above equations, a 1 and a 2 are the waves amplitudes, λ is the wave length, d 1 + d 2 is the channel width, c is the velocity of propagation,t is the time andX is the direction of wave propagation. The phase difference φ varies in the range 0 ≤ φ ≤ π, in which φ = 0 corresponds to symmetric channel with waves out of phase and φ = π corresponds to that with waves in phase, and further a 1 , a 2 , d 1 , d 2 and φ satisfy the condition a 2 1 + a 2 2 + 2a 1 a 2 cosφ In laboratory frame, the equations governing the two-dimensional peristaltic motion of an incompressible magnetohydrodynamic second grade fluid through porous medium in the vertical channel are
where ρ is the density,Ū andV are the velocity components, σ is the electrical conductivity of the fluid, k is the permeability parameter and B 0 is the magnetic field. Introducing a wave frame (x,ȳ) moving with velocity c away from the fixed frame (X,Ȳ ), the transformations
where (ū,v) and (Ū,V ) are velocity components,p andP are pressures,T and T are temperatures in wave and fixed frame of references respectively. After employing Eq. (7), Eq.s (3)-(6) reduce to
Using the non-dimensional variables
RePrδ u ∂θ ∂x 
RePrδ ∂ψ ∂y
with
The corresponding dimensionless boundary conditions are
where F is the flux in the wave frame and a, b, d and φ satisfy the relation
RATE OF VOLUME FLOW
In the laboratory frame, the dimensional volume flow rate is
The above expression in wave frame becomes
From Eq.s (7), (24) and (25), we can write
The average volume flow rate over one period T = λ c of the peristaltic wave is defined as
Using Eq. (26) into Eq.(27) and then integrating, yields
We define the dimensionless time-mean flows Θ and F respectively, in the laboratory and wave frame as
From Eq. (28), we obtain
and
where
PERTURBATION SOLUTION
Since the Eq.s (16)-(18) are highly non-linear partial differential equations, the exact solutions are not amenable. Therefore, we use regular perturbation method to find the approximate solution using the pertarbation parameter δ. For perturbation solution, we express ψ, θ and ∂p ∂x as
Substituting Eq.s (33)- (35) in Eq.s (16)- (23), and comparing the like power of δ, we get the zeroth order and first order systems. Solving these systems with the corresponding boundary conditions, the expressions of the stream function ψ, the temperature θ and the pressure gradient ∂p ∂x are given by 
The non-dimensional expression for the pressure difference per wavelength is given as follows
The frictional forces at y = h 1 and y = h 2 denoted by F λ1 and F λ2 respectively are given as (Saleem and Haider 2014)
The coefficients of the heat transfer Z h 1 and Z h 2 at the walls y = h 1 and y = h 2 respectively, are given by (Mehmood et al. 2012 )
After using Eq.(37) in the Eq.s(42)-(43), the expressions for heat transfer coefficients are The expression for pressure gradient is not amicable for integration with respect to x. Hence, the pressure difference and frictional forces are computed numerically.
RESULTS AND DISCUSSION
The main purpose of this section is to describe the effects of the different parameters on the streamlines, velocity, pressure gradient, frictional force and pressure difference. Numerical integration is performed over the domain [0, 1] for pressure difference and frictional force. The temperature profiles and the heat transfer coefficient are also analyzed for the various parameters. The results are presented graphically. Fig.s2(a)-2(d) . It is observed from figure 2(a) that, the velocity increases near the boundaries and decreases in the middle of the channel as Hartmann number M increases. From Fig.s2 (b)-2(c), it is clear that, with increasing of Darcy number D a and heat generation parameter β, the velocity decreases near the channel walls and increases near the middle of the channel. It is depicted from Fig.2(d) that, with the increase in Grashof number Gr, the velocity profile decreases in the left side of the channel, while it increases in the right side of the channel. Figures 3(a)-3(d) show that for x ∈ [0, 0.2] and x ∈ [0.7.1], the pressure gradient is small, that is, the flow can easily pass without imposition of large pressure gradient and in remaining part of the channel, the pressure gradient is large, that is, it requires a large pressure gradient to maintain the given volume flow rate. Moreover, from Fig.3(a) , the pressure gradient increases with an increase in Hartmann number M, in the wider part of the channel and decreases in the narrow part of the channel. The behavior is opposite for Darcy number D a to that of Hartmann number M (see Fig.3(b) ). It is noticed from the Fig.3(c) that, pressure gradient is increasing function of heat generation parameter β. It is depicted from figure 3(d) that, with the increasing of phase difference φ the pressure gradient decreases in the wider part of the channel and increases in the narrow part of the channel. Moreover, the narrow region in the channel is shifting to the left with an increase in φ. The pressure gradient for various wave forms are displayed in Fig. 4 . It is observed from Fig.s  4(a)-4(d) that, pressure gradient increases with increasing volume flow rate. The pressure gradient is small in the wider part of the channel and large in the narrow part of the channel showing that, in the narrow part of the channel, more pressure gradient is required to push the fluid as compared with the wider part of the channel in all the wave shapes. Fig.5(a) that, when ∆p > 0 the pumping rate increases with the increasing of M, pumping rate coincides with each other for ∆p = 0 and for ∆p < 0 the pumping rate decreases with the increase in M. The behaviour opposite with Darcy number D a to that of Hartmann number M (see Fig.5(b) ). From Fig.5(c) , it is seen that with increase in β, the pressure difference increases. It is noted from figure 6 that, the frictional forces at the walls are acting opposite behaviour of pressure difference. Fig.8(d) ) to that of Grashof number Gr and the volume flow rate Θ. The trapping phenomena is discussed for different values of heat generation parameter β and Darcy number D a for both symmetric and asymmetric channels in the Fig.s9-10 . The streamlines (a), (b) are for symmetric channel while the streamlines (c), (d) are for asymmetric channel. It is observed from Fig.s9-10 that, the size of the trapped bolus increases with increase in heat generation parameter β and Darcy number D a for both symmetric and asymmetric channels. Moreover, the effect of phase shift φ on trapping with the same amplitudes are shown in these figures. It is found that the bolus decreases and moves towards up with the increase of phase difference φ. 
The variations of velocity
for different values of Hartmann number M, Darcy number D a , heat generation parameter β and Grashof number Gr are presented in the(a) β = 0, φ = 0 (b) β = 5, φ = 0 (c) β = 0, φ = π/6 (d) β = 5, φ = π/6(a) D a = 1, φ = 0 (b) D a → ∞, φ = 0 (c) D a = 1, φ = π/6 (d) D a → ∞, φ = π/6
CONCLUSIONS
The effects of heat transfer on the peristaltic flow of a magnetohydrodynamic second grade fluid through a porous medium in vertical symmetric and asymmetric channels are investigated. The velocity, frictional force, pumping, pressure gradient, temperature, trapping and heat transfer coefficient are examined for various fluid flow parameters. The main findings of the work are summarized as follows:
• The trapping bolus increases with increasing of heat generation parameter and Darcy number.
• The behaviour of velocity is qualitatively opposite for Hartmann number and porosity parameter.
• The pressure gradient for different wave forms is relatively small in the wider part of the channel and it is relatively large in the narrow part of the channel for given volume flow rate.
• The trapping bolus decreases and moves upward with an increase in phase difference.
• The heat generation parameter and Grashof number increases the temperature while Hartmann number decreases the temperature.
• The pressure difference and frictional forces have opposite behaviour on pumping.
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